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Abstract 
Amine-modified solid sorbents are potentially good candidates for postcombustion CO2 capture. We synthesized a 
series of amine-modified mesoporous silica sorbents, and measured their CO2 adsorption capacities. Among them, 
mesoporous silica MSU-H modified with (3-trimethoxysilylpropyl)diethylenetriamine, denoted by TA/MSU-H(II), 
showed high CO2 adsorption capacity of 3.08 mmol/g-sorbent at 60 °C with 15 kPa of CO2, 12 kPa of H2O vapor and 
74 kPa of N2 as similar as the postcombustion CO2 capture condition. Furthermore, we confirmed that the CO2 
adsorption capacity of TA/MSU-H(II) after 30 cycles of the adsorption at 60 °C and the desorption at 120 °C was 
2.98 mmol/g-sorbent. 
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1. Introduction 
The gradual increase in the atmospheric concentration of CO2 due to fossil fuel combustion is 
becoming a serious problem causing a global climate change. CO2 capture from large point sources such 
as fossil fuel power plants is of great importance for mitigation of the global climate change. The usual 
CO2 capture process, aqueous amine scrubbing method [1,2], has been energy intensive to regenerate the 
absorbents by heating. In addition, the other drawbacks are equipment corrosions and amine losses 
associated to the high volatility. Adsorption on solid sorbents is one of the promising methods that could 
be applicable to sustainably capture CO2. However, a traditional pressure swing adsorption (PSA) method 
using zeolite 13X is also energy intensive for the postcombustion CO2 capture because of a large amount 
of necessary power consumption for dehumidification. In Japan, in order to reduce the energy requirement 
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for CO2 capture process, a project to develop a solid sorbent for the postcombustion CO2 capture started 
from 2010. 
The elimination of the dehumidification step provides a drastic energy-saving CO2-PSA system [3]. 
Therefore, a solid sorbent that preferably adsorbs CO2 in the presence of H2O vapor is desirable for the 
energy-saving CO2-PSA system [3,4]. Recently, amine-modified solid sorbents such as polyethyleneimine 
loaded mesoporous silica sorbents have also received increasing attention for their properties such as high 
CO2 adsorption capacity and moisture tolerance [5,6]. We have synthesized a series of amine-modified 
mesoporous silica sorbents and investigated their CO2 adsorption characteristics [7-10]. Herein, we 
highlight the preparation of amine-modified mesoporous silica sorbents with higher CO2 
adsorption.capacity. 
2. Experimental Section 
2.1. Preparation of amine-modified mesoporous silicas 
First, mesoporous silica supports, SBA-15 and MSU-H, were synthesized on the basis of the procedure 
described in the previous report [11,12]. SBA-15 was synthesized by using tetraethoxyorthosilicate 
(TEOS) as a silica source and Pluronic P123 as a structure directing agent. The mixture of Pluronic P123 
(50 g), TEOS (110 g), hydrochloric acid (170 mL) and H2O (1300 mL) was stirred at 30 °C for 20 h, and 
then the reactant mixture was kept at 95 °C for 24 h. The resulting precipitate was filtered and washed 
with H2O thoroughly, and then dried at 70 °C overnight. The dried precipitate was calcined in air at 
550 °C for 8 h. MSU-H was synthesized by using sodium silicate solution (29% SiO2, 10% Na2O) as a 
silica source and Pluronic P123 as a structure directing agent. Sodium silicate solution (72.5 g) was added 
to the mixture of Pluronic P123 (50 g), acetic acid (15 mL) and H2O (1400 mL) at 47 °C with vigorous 
magnetic stirring. After the stirring for 20 h, the reactant mixture was heated at 100 °C for 20 h. The 
resulting precipitate was filtered and washed with H2O thoroughly, and then dried at 60 °C overnight. The 
dried precipitate was calcined in air at 500 °C for 6 h. 
A series of aminosilanes as shown in Figure 1 were used as amine-modification on the surface of SBA-
15 before and after the boiling treatment in H2O at 95 °C for 2 h. SBA-15 (5 g) before or after the boiling 
treatment was refluxed in 200 mL of the toluene solution containing 35 g of aminosilane for 24 h under 
an Ar flow. The product was washed with toluene and dried at 60 °C overnight. The amine-modified 
SBA-15 sorbents obtained by APS-, AEAPS- and TA-grafting were denoted by APS/SBA-15, 
AEAPS/SBA-15 and TA/SBA-15, respectively. Similar to the above method, SBA-15 was replaced by 
MSU-H, then TA/MSU-H was also prepared. 
TA/MSU-H(II) was prepared by further impregnation of TA/MSU-H  (1.96 g) with 2 mL of ethanol 
solution containing 1.18 g of TA and subsequent drying overnight at 60 °C  in air. 
Figure 1. Chemical structures of (a) 3-aminopropyltriethoxysilane (APS), (b) N-(2-aminoethyl)-3-aminopropyltrimethoxysilane 
(AEAPS) and (c) (3-trimethoxysilylpropyl)diethylene-triamine (TA). 
2.2. Characterization 
Elemental analysis was carried out with a Perkin Elmer PE-2400 elemental analyzer. N2 adsorption-
desorption isotherms were measured at liquid nitrogen temperature by a Quantachrome Autosorb 
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instrument. The surface areas and the pore size distributions were calculated by the Brunauer-Emmett-
Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, respectively. The pore volumes were calculated 
from the adsorbed amount of N2 at P/P0 = 0.97. Infrared spectra were obtained using a JASCO FT/IR-610 
spectrometer equipped with an MCT detector (resolution; 4 cm-1, 64 scans). 
 
2.3. CO2 adsorption-desorption measurements 
The CO2 adsorption capacities were determined by a flow method using binary CO2/H2O/N2 or ternary 
CO2/N2 mixtures. A typical procedure using the CO2/H2O/N2 mixture was as follows. Each sorbent (1.5 
g) was placed in a Pyrex tube (13 mm inner diameter) and dried in a He flow (30 mL/min) at 150 °C for 1 
h. After this, the sorbent was cooled down to 60 °C. A mixed gas of 12 kPa of H2O vapor and 89 kPa of 
He (total flow rate: 60 mL/min) was fed into the sorbent at 60 °C until the H2O adsorption on the sorbent 
was saturated, and then the feed gas was switched to a mixed gas of 15 kPa of CO2, 12 kPa of H2O vapor 
and 74 kPa of N2 (total flow rate: 30 mL/min). The breakthrough curves of CO2 were obtained from the 
analyses of the effluent gases by using a GL Science GC-332 gas chromatograph equipped with a TCD 
detector. The regenerations of the sorbents were carried out by heating to 120 °C at a rate of 10 °C/min. 
In the case of using the CO2/N2 mixture, a mixed gas of 15 kPa of CO2 and 86 kPa of N2 (total flow rate: 
30 mL/min) was passed over the dried sorbent without pre-adsorption of H2O vapor. 
3. Results and Discussion 
3.1. Boiling treatment of mesoporous silica supports 
A larger amount of N-content defined as the number of nitrogen atoms per gram of the sorbent results 
in a higher CO2 adsorption capacity. In order to increase the grafted amine loading related with the 
amine-content, we employed a boiling treatment of mesoporous silica supports for creation of the 
anchoring silanol sites. 
Figure 2 shows the N2 adsorption-desorption isotherms of SBA-15 before and after the boiling 
Figure 2. N2 adsorption-desorption isotherms of SBA-15 
before and after boiling in H2O for 2 h, and pore size 
distributions calculated from desorption branches using the 
BJH method 
Figure 3. IR spectra of SBA-15 (a) before and (b) after 
boiling in H2O for 2 h. 
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treatment. Both isotherms were classified as type IV characteristics associated with mesoporous materials. 
The surface area and pore volume of SBA-15 before the boiling treatment were 910 m2/g and 1.11 cm3/g, 
respectively. On the other hand, the surface area and pore volume of SBA-15 after the boiling treatment 
were 820 m2/g and 1.07 cm3/g, respectively. The pore size distributions of SBA-15 before and after the 
boiling treatment were almost identical. That is, the difference in the isotherms was not significant 
although the amount adsorbed on SBA-15 boiled in H2O was slightly smaller than on SBA-15 before the 
boiling treatment. As shown in Figure 3, the IR spectra revealed that the isolated hydroxyl group (3742 
cm-1) decreased after the boiling treatment. On the other hand, the integrated peak area of overlapping 
peaks from 3000 to 3740 cm-1 due to internal and hydrogen bonded hydroxyl groups increased by 
approximately 20%. The isotherms and IR spectra indicate that the pore structure of SBA-15 after the 
boiling treatment was partially collapsed due to the hydration of Si-O-Si bonds. However, the collapse of 
the pore structure is not remarkable. Similarly, the pore structure of MSU-H boiled in H2O for 2 h was 
partially collapsed (non-boiled and boiled MSU-H possessed surface areas of 570 and 540 m2/g and pore 
volumes of 1.32 and 1.22 cm3/g, respectively). 
As shown in Table 1, APS, AEAPS and TA were more densely anchored on the mesoporous silica 
supports boiled in H2O than on the non-boiled ones. That is, the boiling treatment helped to preserve more 
anchoring silanol sites on the mesoporous silica supports. The CO2 adsorption capacities of the 
aminosilane-grafted mesoporous silica sorbents were improved with increasing the N-contents. Besides, 
in particular forAEAPS- and TA-grafted mesoporous silica sorbents, the CO2 adsorption capacities 
increased slightlyby the presence of H2O vapor. The H2O vapor wouldcause the swelling and/or 
hydrolysis of multilayer aminosilaneon the surfaces, which would enable the interioramino groups to 
react with CO2. These results demonstrate that aminosilane-grafted mesoporous silica sorbents are 
effectiveboth in the absence and presence of H2O vapor. 
 
Table 1. N-contents and CO2 adsorption capacities of aminosilane-grafted sorbents 
Sorbent 
N-Content 
[mmol-N/g-sorbent] 
CO2 Adsorption Capacity [mmol/g-sorbent] 
dry-CO2 a) wet-CO2 b) 
APS/SBA-15 2.61 0.66 0.65 
APS/SBA-15 (non-boiled) 2.57 0.52 0.50 
AEAPS/SBA-15 4.61 1.36 1.51 
AEAPS/SBA-15 (non-boiled) 3.76 0.87 0.90 
TA/SBA-15 5.80 1.58 1.80 
TA/SBA-15 (non-boiled) 4.85 1.10 1.21 
TA/MSU-H 5.15 1.58 1.80 
TA/MSU-H (non-boiled) 4.28 1.10 1.24 
a) 15 kPa of CO2 and 86 kPa of N2 at 60 °C. 
b) 15 kPa of CO2, 12 kPa of H2O vapor and 74 kPa of N2 at 60 °C 
 
3.2. Further impregnation of aminosilane 
As described above, a larger amount of N-content in the sorbent results in a higher CO2 adsorption 
capacity. Although aminosilane-grafted mesoporous silica sorbents such as TA/MSU-H can remove CO2 
from various gas streams, the CO2 adsorption capacities were still relatively low. It seems that the low 
capacities are originated from low grafted amine loadings as well as low densities of the amino groups 
since the anchoring silanol groups over mesoporous silica supports are limited due to the grafting method  
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Table 2. Pore volumes, N-contents and CO2 adsorption capacities of sorbents 
Sorbent 
Pore Volume 
[cm3/g-sorbent] 
N-Content 
[mmol-N/g-sorbent] 
CO2 Adsorption Capacity [mmol/g-sorbent] 
dry-CO2 a) wet-CO2 b) 
TA/MSU-H 0.55 5.15 1.58 1.80 
TA/MSU-H(II) 0.11 7.47 2.24 3.08 
Zeolite 13X 0.28 - 3.18 0.11 
a) 15 kPa of CO2 and 86 kPa of N2 at 60 °C. 
b) 15 kPa of CO2, 12 kPa of H2O vapor and 74 kPa of N2 at 60 °C 
 
applied. Thus, to overcome the limitation, we proposed to prepare sorbents by grafting and further 
impregnation of aminosilanes to mesoporous silica supports. 
Since TA/MSU-H still possessed a pore volume of 0.55 cm3/g-sorbent, further impregnation of 
TA/MSU-H with ethanol solution of TA and subsequent drying at 60 °C were carried out. In the result, 
TA/MSU-H(II) with high aminosilane loading (7.47 mmol-N/g-sorbent) was obtained. The CO2 
adsorption capacities of TA/MSU-H and TA/MSU-H(II) in the presence and the absence of H2O vapor 
are listed in Table 2. The adsorption capacity of TA/MSU-H(II) was found to be higher than that of 
TA/MSU-H, indicating that filling of mesopores of MSU-H with condensed TA is effective to improve 
the adsorption capacities in the presence and the absence of H2O vapor. 
 
3.3. Comparison between TA/MSU-H(II) and zeolite 13X 
We compared the CO2 adsorption capacity of TA/MSU-H(II) with that of zeolite 13X, which is a 
traditional solid sorbent having the highest adsorption capacity in the absence of H2O vapor. The capacity 
of TA/MSU-H(II) in the presence of H2O vapor was comparable to that of zeolite 13X under identical 
conditions, except for the absence of H2O vapor (Table 2). Figure 4a shows breakthrough curves of CO2 
over TA/MSU-H(II) in the presence of H2O vapor and over zeolite 13X in the absence of H2O vapor. 
Outlet CO2 concentration increased rapidly after 20 min for TA/MSU-H(II). The shape of the 
breakthrough curve over TA/MSU-H(II) resembled that over zeolite 13X, suggesting that the CO2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. (a) Breakthrough curves of CO2 for fresh TA/MSU-H(II) (  and TA/MSU-H(II) after 30 cycles of adsorption (60 °C)-
desorption (120 °C)  under 15 kPa of CO2, 12 kPa of H2O vapor and 74 kPa of N2 at 60 °C, and that for zeolite 13X ( ) under 15 
kPa of CO2 and 86 kPa of N2 at 60 °C. Total flow rate, 30 mL/min; weight of sorbent, 1.5 g. (b) Desorption of CO2 in a He flow (30 
mL/min) for TA/MSU-H(II) at 120 °C (  and that for zeolite 13X at 100 °C ( ). 
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adsorption rate of TA/MSU-H(II) was similar to of zeolite 13X. 
The CO2 desorption behavior of TA/MSU-H(II) was also examined in a He flow after the CO2 
adsorption at 60 °C (Figure 4b). By heating from 60 to 120 °C at a rate of 10 °C/min, 27% of adsorbed 
CO2 was desorbed, then CO2 was desorbed completely at 120 °C in 45 min. Similar desorption behavior 
of zeolite 13X was observed at a lower temperature (100 °C) (Figure 4b), because of stronger adsorption 
of CO2 on TA/MSU-H(II) than on zeolite 13X, which explains the moisture tolerance of TA/MSU-H(II). 
We also verified the adsorption performance of TA/MSU-H(II) after 30 cycles of adsorption at 60 °C and 
desorption at 120 °C. The cyclic adsorption capacity was 2.98 mmol/g-sorbent, only slightly lower (3.2%) 
than the initial adsorption capacity. Also, the breakthrough curve after 30 cycles resembled the initial one 
(Figure 4a), suggesting that the rate of adsorption was unchanged. These results show that TA/MSU-H(II) 
is stable during the adsorption-desorption cycles under the condition as similar to the postcombustion 
CO2 capture. 
4. Conclusion 
We have successfully prepared a potent solid sorbent TA/MSU-H(II) by grafting and further 
impregnation of the aminosilane. The CO2 adsorption capacity after 30 cycles of the adsorption at 60 C 
and the desorption at 120 C was 2.98 mmol/g-sorbent. Moreover, it is noteworthy that the value of the 
CO2 adsorption capacity of TA/MSU-H(II) in the presence of H2O vapor is as similar as of zeolite 13X in 
dry condition. These results indicate that TA/MSU-H(II) is stable during the CO2 capture cycles and can 
be useful for postcombustion CO2 capture. 
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